Background/Aims: Diabetic cardiomyopathy (DCM) is a serious complication of diabetes. It is therefore crucial to elucidate the characteristic metabolic changes that occur during the development of diabetes to gain an understanding the pathogenesis of this disease and identify potential drug targets involved. Methods: 1 H nuclear magnetic resonance-based metabonomics combined with HPLC measurements were used to determine the metabolic changes in isolated cardiac tissues after 5 weeks, 9 weeks, and 15 weeks in rats treated with streptozotocin. Results: Pattern recognition analysis clearly discriminated the diabetic rats from time-matched control rats, suggesting that the metabolic profile of the diabetic group was markedly different from that of the controls. Quantitative analysis showed that the levels of energy metabolites, such as the high-energy phosphate pool (ATP and creatine), significantly decreased in a time-dependent manner. Correlation analysis revealed the inhibition of glycolysis and the tricarboxylic acid (TCA) cycle, enhanced lipid metabolism, and changes in some amino acids, which may have led to the decline in energy production in the DCM rats. Conclusions: The results indicated that the administration of energy substances or the manipulation of myocardial energy synthesis induced by increased glucose oxidation may contribute to the amelioration of cardiac dysfunction in diabetes.
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Introduction
Diabetes mellitus (DM) is the most common metabolic disease in the world and a major public health concern. Changes in glucose metabolism are known to facilitate profound disturbances in the metabolism of lipids, amino acids, and energy, and has overwhelming and long-lasting injurious effects on different tissues and organs [1] . Among the complications 1 H nuclear magnetic resonance (NMR)-based metabonomics has many advantages as a holistic measurement method because it allows dynamic and global changes of specific metabolites in body fluids or tissue samples to be determined-especially those metabolites involved in energy metabolism changes [11, 12] . Thus, this approach has been used to explore the underlying pathogenesis of diabetes and other metabolic diseases [13, 14] . We previously used this approach and subsequently observed significant changes in energy metabolites, including higher levels of lipids, ketone bodies, and lactate, in the serum of T2DM rats [15, 16] . We also have shown that a reduction in energy and the disequilibrium of lipids and methylamine metabolism are closely related to the pathogenic progression of diabetic nephropathy (DN) [17] [18] [19] . In the present study, we used quantitative and correlative analysis of 1 H NMR spectra of isolated cardiac tissues obtained from diabetic rats to identify the characteristic changes in energy metabolism. This information will allow us to probe into the potential mechanisms of DCM, and provide clues for the development of future therapies.
Materials and Methods

Subjects
Male Sprague-Dawley rats with body weights of 160-180 g were purchased from the Shanghai SLAC Laboratory Animal Co. Ltd. and kept in a specific pathogen-free colony of the Laboratory Animal Center of Wenzhou Medical University with regulated temperature and humidity and a 12/12 h light-dark cycle with lights on at 08:00. During the entire experiment, rats were fed standard rat chow and tap water. All animals received care in accordance with the "Guide for the Care and Use of Laboratory Animals" [20] . Procedures using rats were approved by the Institutional Animal Care and Use Committee of Wenzhou Medical University.
Experimental design and sample collection
Rats were randomly divided into the following six groups: diabetic, 5 weeks; diabetic, 9 weeks; diabetic, 15 weeks; and three corresponding age-matched control groups. After 12 h of fasting, the rats in the diabetic groups were given an intraperitoneal injection of streptozotocin (STZ, Sigma-Aldrich Corp., St Louis, MO) freshly prepared in citrate buffer (0.1 M, pH 4.5) at a single dose of 60 mg/kg body weight to prepare the diabetic model (n = 63, for diabetic screening). Rats in the control groups were injected with the same volume of sodium citrate solvent (n = 45). Two days after the injections, the blood glucose concentrations were measured using a tail nick and glucometer (One Touch Ultra, LifeScan Inc., Milpitas, CA), and rats with blood glucose levels higher than 16.70 mmol/L were classified as diabetic [21] .
Cardiac function in anesthetized (4% chloral hydrate solution (1 ml/100 g) by intraperitoneal injection) diabetic rats and age-matched control rats was evaluated by echocardiography via a Vevo 770 (VisualSonics Inc., Toronto, Ontario, Canada) equipped with a 17-MHz linear array transducer 15 weeks 1 H NMR spectroscopy.
Acquisition of 1 H-NMR spectra and multivariate pattern recognition
The detailed acquisition protocol of 1 H-NMR spectra is described in our previous reports [19, 22] . All NMR spectra were phase-and baseline-corrected, and then data-reduced to 1100 integrated regions with widths of 0.01 ppm corresponding to the region of δ10 to -1 using the Topspin 2.1 software package (Bruker Corp., Karlsruhe, Germany) for multivariate pattern recognition analysis. The region around δ 4.69-5.04 was removed to eliminate artifacts related to the residual water resonance. The remaining spectral segments were normalized to the total sum of the spectral intensity to compensate for variations in the total sample volume. The normalized integral values were then subjected to multivariate pattern recognition analysis using the SIMCA-P + V12.0 software package (Umetrics, Umea, Sweden). Following a preliminary principal components analysis, supervised partial least squares-discriminant analysis (PLS-DA) was performed for class discrimination and biomarker identification [23] .
Data were visualized with a principal component (PC) scores plot of the first two principal components (PC1 and PC2) to provide the most efficient 2-D representation of the information, where each point represents an individual spectrum of a sample. PLS-DA revealed differences between the groups, which were necessary to eliminate outliers and enhance the quality of the model. The loading plots, which were assessed by the absolute value of the correlation coefficient, |r|, can identify metabolites that contribute to the separation of metabolic profiles. The scores and loading plots complemented each other. A 100 random permutation test was also performed to evaluate the robustness of the PLS-DA model. Meanwhile, two parameters were calculated: R 2 X and R 2 Y, which explained variance in the matrix of NMR data and class membership, respectively, and Q 2 , the predictive capability of the model; these are commonly used to indicate the quality of a model [24] . Values of R 2 Y and Q 2 close to 1.0 represent an excellent model. Furthermore, the significance of the models was tested by CV-ANOVA in the SIMCA software [25] .
Determination of ATP, ADP, and AMP in cardiac tissue extracts
The cardiac extracts were prepared differently from those described above. Whole rat hearts were immediately snap-frozen in liquid nitrogen without PBS treatment for HPLC analysis. The whole time course was no more than 5 s. Adenine nucleotides (ATP, ADP, and AMP) were analyzed in the aliquots using HPLC-UV as per our previous study with minor modifications [17] . Chromatographic separation was achieved on a 250 mm × 4.6 mm i.d. ZORBAX SB-Aq column bonded to 5-μm spherical silica packing (Agilent Inc., Santa Clara, CA). The mobile phase was 99% 100 mM K 2 HPO 4 -KH 2 PO 4 buffer solution at pH 6.0 and 1% methanol. The HPLC-UV system was performed at room temperature with a flow rate of 1.0 mL min -1 . The wavelength of 259 nm was used for detection and quantification. The identification of different adenine nucleotides was based on the retention times of known amounts of standards. The adenine nucleotides were quantified using the standard curve of standards in the chromatogram. The results were recorded as millimoles adenine nucleotides per kilogram tissue.
Statistical analysis
Systemic and statistical metabolic correlation analysis was further applied to display the relationships between certain metabolite integrals, as described previously [26] . Metabolite intensities relative to the sum of the total spectral integral were used as variables, and the magnitude of Pearson's correlation coefficient (|r|) was calculated in the above-mentioned Java environment. An absolute value of r larger than 0.6 (P < 0.05) is considered to represent a statistically significant relationship between two metabolites. Positive values masked in the pixel map are shown in red and negative values in blue. To determine significant differences between the metabolic levels, SPSS software (Version 13.0, SPSS Inc., Chicago, IL) was used for statistical analysis of the normalized integral values. Comparisons between groups were performed via student's two-tailed t-test or one-way ANOVA followed by Bonferroni correction in the case of multiple comparisons. A P-value of less than 0.05 was considered statistically significant. All data shown are means ± SEM unless otherwise specified.
Results
Histopathology
and cardiac function Basal HR, LV dimensions, and indices of systolic and diastolic function in both the control and diabetic rats are listed in Table 1 . IVSd, IVSs, PWd, LVd, and LVs were much lower in diabetic rats (P < 0.05 versus controls), despite the fact that there were no significant differences in PWs between the control and diabetic rats. In addition, lower HR and EF indicators were observed in the diabetic groups than in controls, indicating that the systolic and diastolic functions of the diabetic rats were significantly impaired. Fig. 1 shows representative histological images of HE-and Masson-stained sections of cardiac muscles from 5-, 9-and 15-week DM and control rats. Regardless of the time points tested, the heart muscles in the control groups showed minimal variations in fiber size and the absence of mononuclear cell infiltration. In contrast, the diabetic rats contained abnormally large fibers, prominent inflammatory cell infiltration, and a high frequency 
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Cellular Physiology and Biochemistry of centrally nucleated myofibers, especially at the 9-and 15-week time points (Fig. 1A ). Fibrosis and muscle calcification were further evaluated with Masson trichrome staining, and we observed that the myocardial fibers had disordered arrangements, as well as large amounts of collagen, in the myocardial interstitium in 15-week diabetic rats (Fig. 1B, Fig.  2 ). Histopathological data indicated that the diabetic rats progressively developed clear manifestation of cardiac tissue damage during the experimental period. Representative   1 H NMR spectra of cardiac tissue extracts obtained from the diabetic 5-, 9-, and 15-week groups and one group of 15-week control rats are shown in Fig. 3 , respectively. From resonance assignments of the metabolites attained in previous studies [17, 27] and the 600 MHz library of the Chenomx NMR suite 7.0 (Chenomx Inc., Edmonton, Canada), the metabolites identified included organic acids, sugar, amino acids, organic bases, and purine metabolites, most of which are involved in energy or glucose metabolism pathways.
NMR-based metabonomics
The PLS-DA score plots of the spectra showed distinct, easily detectable differences between the diabetic rats and control rats, at weeks 5, 9 and 15 after STZ treatment, suggesting substantial differences in metabolic profiles during the progression of diabetes (Fig. 4) . The parameters for evaluation of the PLS-DA model validity, R2Y, Q2, and the P values for each model showed that the PLS-DA models were robust and credible ( Table 2 ). The loading plots corresponding to the score plots showed that during the progression of diabetes, glucose, valine, leucine, isoleucine, 3-hydroxybutyrate (3-HB), glutamate, and taurine levels were elevated, and those of ATP/ADP/AMP (AXP), lactate, 2-ketoglutarate (α-KG), creatine, choline, and glutamine were reduced. Table 3 summarizes the |r| values of metabolites accounting for PLS-DA separation models of cardiac extracts and lists the results from the statistical analysis for comparison. The trends in metabolite changes indicated by the PLS-DA loading plots were in good agreement with those obtained by statistical analysis. The lower levels of several energy metabolites (highenergy phosphate pool, i.e., AXP, and creatine) were in accordance with the progression of diabetes (Fig. 5) . Representing the main pathways of glucose metabolism, the levels of glycolysis-related product (lactate) and TCA cycle intermediates (succinate and 2-oxoglutarate) were obviously reduced at most of the time points studied. Levels of branchedchained amino acids (BCAAs, including valine, leucine, and isoleucine), alanine, and glycine were clearly higher in diabetic rats, while glutamine levels were lower, which suggested that altered amino acid metabolism is associated with DCM. In addition, significant levels of NAD + and NADP + , which are closely related to oxide-reduction reaction in the body, showed metabolic changes, especially in the 15-week diabetic group.
To define the specific metabolic changes at the local level in the heart, serum samples from the 5-, 9-and 15-week diabetic and control rats were also analyzed (Table 4) . We identified many metabolic changes in serum samples but these were not consistent with the results of isolated cardiac extracts (Table 5) . For example, the decreases in leucine, isoleucine, valine, 3-HB, glycine in serum samples of diabetic 5-weekold rats were in contrast to the cardiac results. Moreover, we found no changes in tyrosine, alanine, acetate, aspartate, or formate levels in the serum samples, which again differed to the cardiac data. However, similar trends in changes in several metabolites such as glutamine, creatine, and choline were revealed in both serum and heart tissues. Nevertheless, the results provided partial confirmation of the characteristic changes in DCM.
To determine the individual levels of AMP, ADP, and ATP in the adenine nucleotide pool, AXP, the cardiac tissues were further investigated by HPLC technology (Fig. 6) . Compared with the age-matched control rats, significant decreases in ATP and ADP concentrations (P＜0.05) were observed, especially in diabetic rats at weeks 9 and 15, while there were no changes in AMP concentrations or ATP/ ADP ratios (Fig. 7) . Thus, the trend relating to changes in individual levels of the adenine nucleotide pool reflected the progressively lower AXP levels determined by NMR.
Correlation analysis AXP, creatine, and glucose are well-known markers of energy metabolites in organisms. In particular, AXP and creatine constitute the high-energy phosphate pool. In diabetic rats, AXP and creatine levels in cardiac extracts progressively decreased while glucose increased. Using Pearson's correlation analysis of AXP and glucose in 15 week diabetic rats, we ascertained that the pathways associated with energy and glucose metabolism were disrupted (Fig. 8, Table 6 ).
Remarkably, in the cardiac extracts of control rats, AXP showed positive correlations with lactate, 2-KG, succinate, alanine, and glutamine, accompanied by a negative correlation with 3-HB and glucose. No correlations 103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128 between AXP and leucine, isoleucine, or valine were found. The glucose levels in the hearts of control rats displayed a negative relationship with lactate, succinate, 2-KG, valine, isoleucine, alanine, and glutamine and were accompanied by a positive correlation with 3-HB and glycine. However, most of these associations displayed in the controls were not found in the heart tissues of diabetic rats.
Disrupted metabolic pathways
Substances found in the pathways involved in energy metabolism, including the TCA cycle, glycolysis, fatty acid β-oxidation, and different amino acids, during the progression of DCM were drawn according to the KEGG database (http://www.genome.jp/kegg/ pathway.html). For example, reduced concentrations of succinate, fumarate, and α-KG found in the diabetic hearts suggested down-regulation of the TCA cycle (Fig. 9) . Moreover, the elevated levels of 3-HB indicated fast fatty acid β-oxidation and ketogenesis in the diabetic hearts. Thus, a combination that included assessment of the metabolic changes and correlation analysis provided clearer insight into the detailed energy metabolism pathways involved in the progression of DCM.
Discussion
Diabetes is associated with changes in myocardial substrate metabolism, which is believed to contribute to cardiac dysfunction. Increasing evidence indicates that dysfunction of mitochondrial energy metabolism plays a crucial role in the pathogenesis of DCM [9] . Mitochondrial uncoupling may represent one mechanism alongside increased oxidative stress and ROS production, that leads to reduced cardiac efficiency and lower ATP generation in diabetic hearts [28] [29] [30] . In addition, defective energy metabolism in the heart is likely to impair energy-requiring processes such as protein synthesis, maintenance of transmembrane [31] . Furthermore, the upregulation of MAPK signal transduction can improve both cardiac energy metabolism and cardiac function [32] .
We previously reported a decline in ATP levels in the renal tissues of diabetic nephropathy rats [17] . Similarly, several other studies have shown that ATP and ATP synthase in the mitochondria of diabetic hearts is down-regulated [2, 33, 34] . In the present study, continually decreasing levels of the high-energy phosphate pool in the DCM rats were confirmed by NMR and HPLC. HE-and Masson's-stained sections of cardiac muscle, alongside cardiac ultrasound showed that the diabetic rats developed clear cardiac dysfunction, time-dependently. Therefore, impaired energy synthesis was accompanied by the onset and progression of cardiac damage during the evolution of diabetes. Systemic and holistic descriptions of the changes in energy metabolism in DCM rats are of great importance and will enable a comprehensive understanding of the pathogenic mechanisms.
Correlation analysis of the metabolites in cardiac tissues of 15-week-old diabetic rats and controls was performed to gain insight into the changes in energy metabolism associated with DCM. Positive or negative correlation indicates direct or indirect relationships among the metabolites (in one metabolic pathway). In a pathological state, these relationships disappear, which means that the metabolic pathway is attenuated or interrupted [18, 26] . In our study, we found positive correlations of AXP with lactate, succinate, α-KG, and fumarate, and a negative correlation of AXP with glucose in the cardiac tissues from both diabetic rats and controls, which suggested that energy metabolites were in both cases derived from the TCA cycle and glycolysis pathways, regardless of the hyperglycemic or physiological statuses. Conversely, the lack of correlation between AXP and several amino acids indicated that the diabetic hearts barely produced energy from amino acid metabolic pathways in contrast to healthy hearts.
To further examine the changes in glucose metabolism in DCM, we analyzed correlations between the metabolites identified and glucose levels. Glucose homeostasis in control rats was revealed from positive or negative correlations between glucose and products of glucose metabolism, namely, lactate, TCA cycle intermediates, and several amino acids, namely, glutamine, glycine, BCAAs, and alanine. However, most of these correlations were dramatically different or missing in diabetic hearts, which means that most glucose metabolic pathways were attenuated or suppressed in the disease state (except for glycine). In addition, glycine levels were increased in diabetic hearts, which strongly suggested enhanced glycine metabolism in DCM conditions. Substantial clinical evidence shows that long-term hyperglycemia is associated with worse cardiovascular outcome [35, 36] . Hyperglycemia leads to the accumulation of advanced glycation end-products. The mechanisms that mediate hyperglycemia-induced tissue and mitochondrial damage are mitochondrial DNA mutation, over-activity of the hexosamine pathway, and the activation of protein kinase C [9] . In this study, glycolysis, the TCA cycle, and the metabolism of some amino acids were down-regulated in rats with DCM, which resulted in reduced glucose utilization and less ATP production. Thus, this finding indicates that the pathways related to energy synthesis may be responsible for cardiac dysfunction.
The enhanced 3-HB observed in this study suggested fast ketogenesis and lipid metabolism in diabetic hearts. Lipids and ketone bodies have been implicated in the onset of insulin resistance in the myocardium, cellular damage, and contractile dysfunction [37, 38] . It is known that both ketone bodies and glucose are major metabolic substrates and fuels that heart contractions in a normal physiological state [9] but our results suggested that cells switched to ketogenesis to maintain energy homeostasis following the loss of energy caused by impaired glucose oxidases in the diabetic state.
In diabetic hearts, elevated BCAA levels appear to protect the heart against myocardial injury by improving systolic and diastolic myocardial function in a hyperglycemic environment [39] , which has also been suggested to affect insulin sensitivity by activating targets of rapamycin complex (mTORC) and downstream ribosomal protein S6 kinase 1 (S6K1) [40] [41] [42] [43] . On the other hand, BCAAs can provide materials that drive energy production, and they play important roles in the maintenance and growth of muscle [44, 45] . In the BCAA catabolic pathway, BCAAs are first converted into branched-chain alpha-ketoacids (BCKAs) by branched-chain amino-transferase (BCAT), followed by a decarboxylation reaction via branched-chain alpha-ketoacid dehydrogenase (BCKDH) complex, and eventually metabolized to acetyl-CoA for oxidation in the TCA cycle [46] . Recently, it has been reported that chronic accumulation of BCAAs downregulates the hexosamine biosynthetic pathway and inactivates pyruvate dehydrogenase, which is accompanied by decreases in glucose uptake, and protein glycosylation [46] . The results of that study identified a novel mechanism that enables defective BCAA catabolism to suppress glucose metabolism and sensitize the heart to hyperglycemic injury. Therefore, a critical role of BCAA catabolism is in the regulation of cardiac glucose or energy metabolism was revealed.
In this study, we revealed that the inhibition of glycolysis and the TCA cycle enhanced lipid metabolism and altered the levels of amino acids. These events were closely associated with a decline in energy production in DCM rats and played a crucial role in the pathogenesis of DCM. However, the causal relationship between the changes in energy metabolism and DCM should be investigated using other approaches, such as genomics or signal transduction, to advance our understanding of the mechanisms of DCM and promote early clinical diagnosis and treatment.
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